Wireless power transfer (WPT) technology has become a popular way to solve the battery charging problem of mobile devices. However, when designing a new WPT system, transfer power, power transfer efficiency (PTE), electromagnetic environment (EME) and other factors usually need to be considered. Firstly, for commonly used unshielded disk resonator, this paper establishes the theoretical analysis models of EME and transfer performance. Then, the multi-scheme evaluation method of disk resonators considering the WPT system transfer performance and the EME indicator is proposed. In addition, we also evaluate multi-resonator schemes made of the existing coil models in the laboratory using the above method. After considering the transfer power, PTE, coil overcurrent and EME, the optimal resonator scheme is obtained. Finally, the above evaluation method is verified by electromagnetic simulator COMSOL and experiment. The evaluation method proposed serves therefore for researchers and developers to significantly improve the design efficiency.
I. INTRODUCTION
Since an MIT group transferred electric power to a load that was 2.4 meters away in 2007 [1] , the wireless power transfer (WPT) technology based on magnetically coupled resonance has now been widely applied in scenarios such as mobile phones [2] , [3] , electric cars [4] , [5] , industry monitoring [6] - [10] and medical devices [11] , [12] . The technology uses energy carriers (e.g., magnetic field, electric field, electromagnetic wave, microwave, etc.) in the physical space and realizes the transfer of electric energy from the power supply side to the load side based on a no-wire contacting mode [13] .
As for charging and discharging management of battery equipment, more and more researchers tend to substitute the ''wired'' way with the ''wireless'' way, thereby avoiding issues of losses and sparks caused by frequent plugging and unplugging of the contacting charging cable. However, in the The associate editor coordinating the review of this manuscript and approving it for publication was Lei Zhao . design and application process of the WPT system, it is generally necessary to comprehensively evaluate its transfer performance and the electromagnetic environment (EME), thus selecting the optimum resonator scheme.
In the field of EME evaluation, after more than ten years of research and development in the WPT technology, the focus has now shifted from EME evaluation [14] , [15] of a single system to domains such as wireless charging for electric vehicles and biomedical applications with abundant research conducted [16] , [17] . On one hand, the evaluation results have been compared with the ICNIRP protection limit in electromagnetic exposure to validate the safety of the exposure. For example, reference [18] studied the magnetic field beside the static wireless charging system of electric vehicles. Reference [19] evaluated the EME around the wireless charging system of electric vehicles operating at 85 kHz, and compared the exposure of human body with and without shielding. On the other hand, the evaluation has been conducted by directly contacting organisms. For instance, reference [11] used animal tissues to simulate spinal cord, and evaluated VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the EME impact of WPT system implanted into human body. Reference [12] evaluated the effect of EME of WPT system on cows. However, more research focused on optimization of the WPT system and its performance improvement. A robust controller to maintain constant output voltage against the load and mutual inductance variations was proposed in [20] . A novel series-hybrid topology in which the series inductors of the primary and pick-up inductor-capacitor-inductor (LCL) networks are integrated into polarized magnetic couplers to improve the system performance under pad misalignment was presented [21] . An adaptive frequency-tracking control approach based on a closed-loop control scheme was proposed [22] . To realize charging for the 3kW supercapacitor of a tour bus, a resonator with reduced cost and weight was designed [23] . However, the optimization above mainly considered the transfer performance of the system while ignoring safety issues brought to the surrounding EME.
Besides, EME evaluation of the WPT system mentioned above mostly explored the rule through the method of electromagnetic simulation while basically ignoring the evaluation that combined the system transfer performance and the EME. Moreover, it was time-consuming to evaluate the magnetic fields using the electromagnetic simulation software. In the meantime, even if the EME of the system satisfied the needs, its transfer performance indicators may fail to meet the design requirements, affecting the system design and reducing the design efficiency of researchers.
Starting from the practical case of WPT system design and based on the coil with an existing model, indicators such as the transfer power, the power transfer efficiency (PTE), the coil overcurrent and the EME are comprehensively considered in this paper to propose a multi-scheme evaluation method of disk resonators involving the WPT system transfer performance and the index of EME. The proposed method firstly provides different resonator schemes by combining the available coils and adopts the series-series (SS) topology analysis method to obtain the η = f (Po) curve. Then, schemes with practical values are selected according to the restraints of PTE and coil overcurrent. Next, the curve of B = f (Po) is obtained with the calculation model for magnetic fields. Finally, the working characteristics of the resonator are synthetically evaluated from the restraints of its PTE, coil overcurrent and EME. The proposed method could reduce the design time of research staff and lower the design cost of the system based on existing coils and models.
The rest of the paper is organized as follows. Section II describes the EME and transfer performance model of WPT system. According to the characteristics of the disk coil and based on the circular current, the EME model is established by superposition method. Section III introduces the process and steps of the evaluation method in detail, and illustrates it through examples. The evaluation method is verified by electromagnetic simulation software and experiments in section IV. Section V concludes the paper.
II. PERFORMANCE AND EME ANALYSIS
In the process of application, the WPT system functions based on the principle of resonance of high frequency magnetic fields, and its surrounding EME is primarily determined by the resonator in which the safety of the EME is a great concern for the public. In the meantime, the working performance of the WPT system is especially important. Therefore, it deserves thorough study to find a method to rapidly and efficiently pick a scheme among various resonator schemes that satisfies both the system transfer performance and the EME index.
Currently, the evaluation of EME for resonators is mainly conducted by comparing the electromagnetic field of a test point with a certain distance to the resonator with the limit required by the relevant standard. And it is relatively difficult to calculate the electromagnetic field surrounding the resonator that contains an aluminum plate or a magnetic core with a theoretical model, and it is typically evaluated and calculated via electromagnetic simulation software. Therefore, the focus is on the study of the EME surrounding an unshielded disk resonator in this paper.
However, it is known that the magnitude of the magnetic field is positively related to the circuit current according to the Biot-Savart law. Thus, it is only possible to determine the magnetic field in the space by knowing the current in the resonator. Therefore, it is necessary to calculate the resonator current based on the system topology and resonator parameters. In the process, the system transfer power, PTE and the overcurrent index of the resonator could be extracted and combined with the limiting value of magnetic flux density. In this way, evaluation of multiple resonator schemes is realized, thus fulfilling the objective of selecting the optimum resonator. The detailed research approach and framework is shown in Fig. 1 .
A. MODELING AND ANALYSIS OF EME
For the resonant WPT technology, its mainstream working frequency is 10kHz-10MHz and the corresponding wavelength of the electromagnetic wave is 30km-30m. However, the size of related devices and transfer distance are generally smaller than 1m, which is significantly smaller than the corresponding wavelength of the electromagnetic wave. Therefore, the analysis of the magnetic field here adopts the analysis method of quasi-stationery magnetic field, and the displacement current is neglected. Besides, the electromagnetic field generated by disk coils is equivalent to the superposition of the magnetic fields from multiple circular circuits and the superposition method is adopted for the calculation of the magnetic field from multi-turn coils. The radius of the circular circuit is set as R coil_n , and the effective value of the current is I . The circular circuit is set on the XOY plane with the circle center as the origin of coordinates, as shown in Fig. 2 .
It is supposed that the magnetic flux density generated by the circular current at an arbitrary point M(x, y, z) in the space rectangular coordinate system is B. Then, based on the calculation method of vector magnetic potential and magnetic flux density and [24] , the magnetic flux density generated by the circular current at an arbitrary point in the space could be obtained as:
where r = x 2 + y 2 + z 2 , θ = arctan (
For a coil of N turns, its magnetic flux density at an arbitrary point along the x direction is:
where B n_x is the x direction magnetic flux density generated at point M by the nth coil and could be calculated by (1) . In addition, when the WPT system works in a resonant state, there is a 90-degree phase difference between the current on the transmitting coil and the receiving coil. So, the magnetic flux density at a certain point in space generated by the transmitting and receiving coils should be calculated by superposition of instantaneous values. Thus, the current in the transmitting and receiving coils are:
According to (1), (3) and (4), the x direction instantaneous value of magnetic flux density at a certain point in space generated by the transmitting and receiving coils is:
So, the instantaneous value of the magnetic flux density generated by the transmitting and receiving coils at a certain point in the x direction is:
Solution of root mean square value is:
Then the module value of the magnetic flux density generated by the resonator coil at point M is:
It could be seen from theoretical analysis of the magnetic flux density surrounding the disk resonator that the coil current is the main parameter determining the magnitude of magnetic flux density close to the resonator, i.e., B = f (I ). Next, this paper models and analyzes the working performance of WPT system, and solves the current flowing through resonator coil. 
B. MODELING AND ANALYSIS OF WPT SYSTEM TRANSFER PERFOMANCE
In the application of WPT systems, the most common topology is SS topology as shown in Fig. 3 . In this case, the transmitting and receiving ends both adopt a single coil while the inductance and the compensation capacitor adopt the series mode. This topology is widely used in wireless power supply for mobile phones, electric vehicles, and power transmission monitoring equipment.
According to Kirchhoff's voltage law, the voltage equation of the equivalent circuit in the figure above can be expressed as:
The working frequency of the inverter is f s , and when f s = 1/2π
√ L 2 C 2 , the transmitting and receiving ends resonate. At this moment, the effective values of voltage and current are used for calculation, which could be simplified as:
The indicator of transfer power is an important parameter in WPT system design while the load R L could be adjusted by impedance matching. So it is designated to be R L = P o /I 2 2 . And by solving the formula above, it could be obtained:
When there is a real solution for I 2 , the transfer power could be obtained as:
At this time, the receiving coil current is:
where And transmitting coil current is:
Meanwhile, P in = U s I 1 .
So, the PTE can be get by
i.e.η = f (P o ). The above analysis adopts SI units. From the aforementioned theoretical analysis, it could be known that when inverter parameters, resonator parameters and mutual inductance are determined for the WPT system, there is a maximum transfer power when the load is varied. And when the actual system transfer power is smaller than the maximum, there are cases when one transfer power corresponds to two efficiencies. This means that there are two different sets of transmitting and receiving end currents and load resistances. However, according to the principle for optimum efficiency and power, the working range with a higher PTE is typically chosen for the WPT system.
III. EVALUATION METHOD OF MULTIPLE RESONATOR SCHEMES A. THE PROCESS AND STEPS OF EVALUATION
Based on the above analysis, it could be known that to solve the EME of the disk resonator, the transfer performance of the WPT system should firstly be analyzed to obtain the current parameters of the transmitting and receiving coils. Then, the EME in close proximity to the resonator could be determined. Finally, the evaluation of the resonator scheme is realized to obtain a feasibility scheme. The specific evaluation process is shown in Fig. 4 .
Evaluation steps:
Step1: Obtain the parameters of the transmitting and receiving coils for the resonator. For a disk resonator coil with a known size and number of turns, parameters such as the effective series resistance (ESR) R 1 , R 2 and mutual inductance M 12 should be extracted through theoretical calculation, an electromagnetic simulation software or an LCR analyzer.
Step2: Select the appropriate high frequency power supply. A high frequency inverter with two times the allowance for the targeted transfer power should be selected. And the output voltage, the working frequency f s and the ESR of source R s should be determined for the system.
Step3: Calculate and compare the maximum transfer power of SS topology. Calculate the maximum transfer power of the resonator P o_ max and its maximum current in theory I 2_ max for the receiving coil based on (13) . Then compare these values with the targeted power P obj. and the maximum overcurrent I 2N for the coil wire. If P o_ max ≥ P obj. and I 2_ max ≤ I 2N are both satisfied, proceed to the next step. If not, improve the resonator coil size and number of turns accordingly and obtain new parameters, and return to Step1.
Step4: Plot and compare the curve of η = f (P o ). Draw the efficiency curve with the transfer power P o as the abscissa and determine if there exists P o ≥ P obj. when η ≥ η obj. . If yes, continue; if no, improve the resonator coil size and number of turns accordingly to obtain new parameters, and return to Step1.
Step5: Calculate and compare the magnetic flux density. Input parameters of the resonator coil size and number of turns and calculate the magnetic flux density at point M and plot B = f (P o ). If B < B ICNIRP exists in the range where the transfer power, efficiency and receiving end current are satisfactory, proceed to the next step. If it is not the case, improve the resonator coil size and number of turns accordingly to obtain new parameters, and return to Step1.
Step6: Output the resonator schemes that satisfy both the limiting value of the electromagnetic field standard and the transfer performance requirements of the system. Next, according to the above steps, the resonator schemes with three different coils are evaluated.
B. COMPARATIVE AND EVALUATION ANALYSIS OF MULTIPLE RESONATOR SCHEMES
The coils of 3 different sizes and turns that make up the resonator are shown in Fig. 5 . The number of each coil is 2, all of which are wound by a litz wire. The mechanical parameters of coils are shown in table 1. The circuit parameters measured by HIOKI 3532-50 LCR HiTESTER (LCR analyzer) are shown in table 2.
Nine different resonator schemes could be obtained by arranging and combining the above three types of coils. Assuming the transmission distance is 5cm, the mutual inductance of each resonator can be measured by LCR analyzer, as shown in table 3.
The working performances of resonators from 9 different schemes could be obtained with the analysis method of WPT system transfer performance discussed in Section 2.2 and combining resonator parameters and the output characteristics of the high frequency inverter. In calculation, the 85 kHz VOLUME 8, 2020 high frequency inverter currently available in our laboratory with a negligible ESR and an effective output voltage of 30 V is used. Parameters are set as U s = 30V, f s = 85kHz and R s = 0. The curves shown in Fig. 6 could be obtained via (15) .
In the figure, the horizontal axis is the system transfer power, the left vertical axis is the PTE, and the right vertical axis is the current flowing through the transmitting and receiving coils. The table in the figure notes the line type and label when a certain type of coil is used as the transmitting and receiving coil respectively, and the resonator schemes corresponding to each curve can be found by permutation and combination. Also, for comparing and analyzing these resonator schemes, the targeted transfer power is not taken as a constraint here.
It could be clearly seen from the efficiency curves that the maximum transfer power of the system is mainly influenced by the transmitting coil while the impact of the receiving coil is limited. Second, when the transmitting coil is kept the same, the mutual inductance has a relatively large influence on the PTE of the resonator with a positively related relationship. Third, when the overcurrent capacity of the coil wire is neglected, even if the transmitting coil and the receiving coil are swapped, the current in the receiving coil basically remained unchanged. Finally, if the overcurrent capacity of the coil wire in Fig. 6 is considered, and according to the current value in the transmitting coil and the receiving coil of the resonator schemes shown in the figure, it could be known that among the 9 schemes, the ones with practical application values are scheme V, VI and IX.
However, the feasibility of the ultimate resonator scheme depends on the EME around the resonator. In this paper, the space rectangular coordinate system is established by taking the transmitting coil center as the origin and considering the outer radius of the coil. And the measuring point of the magnetic field is set with a distance of two times the maximum radius of the coil while it could be chosen according to the distance between the organism and the resonator in the practical application process. The coordinate of the test point M is (0,0.2,0) and the relative position relationship is shown in Fig. 7 .
In combination with the analysis of resonator transfer performance above, the resonator current in systems corresponding to scheme V, VI and IX are entered into the theoretical model of EME of disk resonators discussed in Section 2.1, and the curve can be obtained via calculation and shown in Fig. 8 .
In the figure, the left vertical axis is the PTE, and the right vertical axis is the magnetic flux density and coil current in turn. The curve of the PTE vary with transfer power is blue, and the curve of the transmitting coil current vary with transfer power is red. The green curves are the magnetic flux densities at point M as a function of power for different resonator schemes. In addition, the line for a magnetic flux density limit of 27µT at 85 kHz according to the ICNIRP guideline is also labeled in the figure.
It could be seen from the curves that the lower limit of the transfer power working range for scheme V and VI is determined by the system PTE while the upper limit is confined by the limiting value from the ICNIRP guideline. And the lower limit of the transfer power range for scheme IX is also limited by the system PTE while the upper limit is set by the maximum overcurrent of the transmitting coil in the resonator. Integrating the information of the curves in the figure, the following results could be obtained. When the targeted PTE is higher than 80%, the power range for scheme V is 3.7-103.3 W, the PTE range is 80%-97.42%, and the load resistance has a range of 0. 6-21.25 while the magnetic flux density at point M is 14.1-21µT. The power range for scheme VI is 5.6∼113.7 W, the PTE range is 80%∼96.82%, and the load resistance has a range of 0.07∼1.84 while the magnetic flux density at point M is 8.81∼27µT. The power range for scheme IX is 8.5∼619.5 W, the PTE range is 80%∼98.61%, and the load resistance has a range of 0.07∼6.35 while the magnetic flux density at point M is 14.1-21µT. It could be seen from the comparison that the variations in load resistance are relatively high in scheme V and IX while the fluctuations for scheme VI is smaller.
Supposing that the curves of magnetic flux density at point M generated by scheme VI and scheme IX intersect at point A while their PTE curves meet at point B. Then, when the transfer power is the same left to point A, scheme VI has a better PTE and magnetic flux density compared to scheme IX. Between point A and point B, scheme VI has a higher PTE than scheme IX while an inferior magnetic flux density than scheme IX. Beyond point B, the PTE and magnetic flux density in scheme VI are both inferior to those of scheme IX. Besides, scheme V always has a higher PTE than scheme VI, and its magnetic flux density is higher than that of scheme IV and scheme IX. However, the load resistance range of scheme V is significantly different compared to that of scheme VI. Supposing that the curves of PTE for scheme V and scheme IX intersect at point C, then scheme V has a better PTE on the left side of point C while on the right side, scheme IX has a better PTE and magnetic flux density. In summary, after considering the system transfer performance and the EME requirements, level assessment of these three resonator schemes can be conducted, as shown in table. 5.
Therefore, when the transfer power, PTE, overcurrent capability and EME meet application requirements, a resonator scheme with better comprehensive performance can be selected according to the requirements. Then, the above evaluation method will be verified by simulation and experiment.
IV. EVALUATION METHOD OF MULTIPLE RESONATOR SCHEMES
Through the above analysis, we could see that, except for the schemes V, VI, and IX, none of the schemes have the actual working ability. Therefore, this section only studies schemes V, VI and IX through simulation and experiment.
A. SIMULATION VERIFICATION
In this paper, the resonator model as shown in Fig. 9 is built in COMSOL software. Fig. 9 (a)-(c) is the corresponding electromagnetic simulation model of resonator scheme V, VI and IX in turn.
The frequency domain study of COMSOL is adopted and the coil excitation is set to be 85 kHz with a voltage of 30 V. The transfer power from the three schemes is kept the same to be 100W and the corresponding resistances are selected. In detail, the load for scheme V, VI and IX is set to be 20.5 , 1.6 and 1 , respectively for further evaluation, verification and comparison.
Through electromagnetic simulation calculation, circuit parameters of coil y and z could be obtained, as shown in table 5. It could be seen from the table that although there are some error between the simulation value and the measurement value, they are basically consistent. At the same time, the EME distribution of different resonator schemes could be obtained, as shown in Fig. 10 .
It could be known from the figure that the magnetic flux density at point M calculated through electromagnetic simulation is 27.3µT, 25.2µT and 12.5µT, respectively, while the magnetic flux density at point M from theoretical calculation is 26.38µT, 24.14µT and 11.54µT, respectively. Basically, the calculation results of the magnetic flux density from simulation and theory match well. The calculated values from electromagnetic simulation are slightly larger. One main reason is that the coil radius and turn spacing are too fine, causing the grid number to be small and the dividing cells to be large as limited by the computer hardware. The second main reason is that the coils have to be set as end to end due to the excitation setting of the simulation software, which will bring about some influences on the EME in the space. In conclusion, the proposed multi-scheme evaluation method of disk resonators considering the WPT system transfer performance and the EME indicator is validated by simulation.
B. EXPERIMENTAL VERIFICATION
Based on the real object of resonator coils discussed in Section 3.2, a hardware experiment system has been constructed in this paper as shown in Fig. 11 . The high frequency power supply is a bridge inverter developed by our laboratory which had an output frequency of 85 kHz and an effective output voltage of 30V. The magnetic field measurement device adopts the EHP-50C equipment by Narda and its measurement frequency is set to be 70-100 kHz while the range of magnetic flux density is 100µT. During the experiment, the experimental parameters of the three resonator schemes are shown in table 6. In addition, in order to reduce the influence of the surrounding environment on the resonator's magnetic field, the high frequency power and measuring instruments have been kept away from the resonator to reduce the measurement error as far as possible. Based on the above parameters and experimental equipment, the experimental waveforms are shown in Fig. 12 , and the magnetic flux density values are shown in Fig. 13 .
In Fig. 12 , the blue curve is the output voltage of the high frequency inverter, and the purple curve is the output voltage of the receiving end. The green curve shows the current of the receiving end while the red curve is the product of the voltage and the current of the receiving end. It could be seen from the figure that the output voltage of the high frequency inverter generally remains around 30V. And the power on the load side basically keeps at 80W approximately, which is slightly lower than the theoretical calculation value. This is due to the fact the resistance of the high frequency power supply is neglected in theoretical calculation while in practice, the inverter has a marginal influence on the system. Under the experiment condition above, the magnetic flux density is measured to be 24.557µT, 22.154µT and 9.7006µT for scheme V, VI and IX, respectively. The calculated, simulated and measured values of the magnetic flux density are summarized in table 7 and it could be seen that the theoretical value is between the simulated value and the measured value with good agreement. The slightly smaller measured value is primarily affected by ferromagnetic materials in the experiment environment. In conclusion, the proposed multi-scheme evaluation method of disk resonators considering the WPT system transfer performance and the EME indicator is validated, which can be well applied in design and assessment of WPT system resonators. Starting from constraints like the transfer power, PTE, overcurrent capacity and EME of the resonator, the method filters a set of schemes by fixing variables such as the input power supply and the load. Further, the set of schemes are compared and evaluated to analyze their advantages and disadvantages. And the selection of the optimum resonator scheme is realized based on system requirements.
V. CONCLUSION
For a WPT system adopting the design of SS topology, multiple resonator schemes have been formed in this paper by permutation and combination of coils based on existing coils and the high frequency power supply in the laboratory. Selfinductance and ESR of the coils and the mutual inductance of resonators are obtained by measurement and electromagnetic simulation. And a model for analysis of the WPT system transfer performance and the EME index is established. The resonator parameters are put into that model and available schemes are filtered by using constraints such as the transfer power, PTE, overcurrent capacity and EME, thus realizing comprehensive evaluation of multiple resonator schemes. Then the multi-scheme evaluation method of disk resonators considering the WPT system transfer performance and the EME indicator is proposed. The method makes it possible for WPT system researchers to rapidly compare and evaluate multiple resonator schemes designed after combining the system transfer performance and the EME indicator based on current coil models. And ultimately, high efficiency design and practical application of the WPT system resonator is realized.
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